The two-body Dirac equations for the bound qq systems are obtained from the different (five) versions of the 3D-equations derived from Bethe-Salpeter equation with the instantaneous kernel in the momentum space using the additional approximations. There are formulated the normalization conditions for the wave functions satisfying the obtained two-body Dirac equations. The spin structure of the confining qq interaction potential is taken in the form xγ 0 1 ⊗ γ 0 2 + (1 − x)I 1 ⊗ I 2 , with 0 ≤ x ≤ 1. It is shown that the two-body Dirac equations obtained from the Salpeter equation does not depend on x. As to other four versions such a dependence is left. For the systems (us), (cū), (cs) the dependence of the stable solutions of the Dirac equations obtained in the different version on the mixture parameter x is investigated and results is compared with such dependence of 3D-equations derived from Bethe-Salpeter equations without the additional approximation and some new conclusions are obtained.
Introduction
The Bethe-Salpeter (BS) equation provides a natural basis for the relativistic treatment of boundsystems in the framework of the constituent quark model. But due to fact that the BS wave function (amplitude) has not probability interpretation, three-dimensional (3D) reduction is necessary. Review of investigations of boundsystems (mesons) on basis of equations obtained in different versions of 3D-reduction of BS equation in the instantaneous (static) approximation for kernel of BS equation is given in Ref. [1] . In literature there are known five such versions formulated in Refs. [1] - [7] , below noted as SAL [2] , GR [3] , MW [4] , CJ [5] and MNK [6] , [7] versions. The last four 3D-equations have correct one-body limit (the Dirac equation) when the mass of one of the particles tends to infinity. As it is well-known the Salpeter has not such a limit. Note that Gross equation is obtained only for m 1 = m 2 case, while other versions work for the equal masses (m 1 = m 2 ) too.
Below we shall consider the problem how to get two-body Dirac equations for the boundsystems from above mentioned 3D-relativistic equations, and how to formulate corresponding normalization conditions for the wave functions. Then, these equations will be used for the investigation of some aspects of the problem connected to the mass spectra for boundsystems (mesons). Namely, the dependence of the existence of stable solutions of obtained equations and of the mass spectra on the Lorentz(spin) structure of confinementinteraction potential will be studied. Further, the comparison to the results obtained without additional approximations will be made.
The two-body Dirac equation for bound qq systems and normalization conditions for the corresponding wave functions
To derive such an equation note that all 3D-equations given in Ref. [1] can be written in the common form (c.m.f.)
where Π(M; p) = 1 2
1 2
(2)
Note that from the eq.(1) with the operators Π (2) immediately follow the system of equations (3.61) in Ref. [1] with definition (3.61-63), if eq.(1) is multiplied from left by projection operator Λ
and are used their properties:
Now if in the operator Π SAL use the approximation
then we obtain the two-body Dirac equation
which already was used for boundsystems in Refs. [8] , [9] . In approximation (4) from (2) follows
. As to MW, CJ and MNK versions for derivation of corresponding two-body Dirac equations the additional to (4) approximation is need, namely
which is quite natural because it corresponds to zero approximation in iteration procedure for solving nonlinear over M eq.(1) for the MW, CJ and MNK versions. As a result from (2) can be obtained
Thus, we have the following two-body Dirac equations obtained from (1), (2) [
where the operator Π 0 is given by the formulae (6, 7, 9, 10) . Note that there is the another approach for formulation the two-body Dirac equations, namely, generation of the one-body Dirac equation to two-body one, using constrain dynamics and relation to quantum filed theory. Review of such an approach is given in Ref. [10] .
Representing the wave function Ψ M (p) as sum of "frequency" components
from the eq. (11) follows the system of the equation for the functions Ψ
Taking theinteraction operator V in the form [1] (combination of one-gluon exchange and confining part of potential)
and representing the function Ψ
where
then for the wave functions χ
from (13) can be obtained the following system of equations
It is very important that the two-body Dirac equation (17) with effective potential (18) with (19) obtained from the equation (1), corresponding to SAL version (2) does not depend on parameter x interned in the interaction operator (14), which means that from this equation can not be obtained any information on the Lorentz (spin) structure of the confininginteraction potential (14). Second interesting result is that the wave functions satisfying the two-body Dirac equation (17) with effective potentials (18) with expression (19, 20) obtained for SAL and GR versions (2) of the 3D-relativistic equations have all nonzero "frequency components" whereas two components of the wave functions satisfying the equation (1) with projection operators (2), are zero, namely:
which directly follows (and is well known) from the eq. (1) and used the formulae (3). For formulation normalization condition for the wave function (12) which satisfies the equation (11), we note that normalization condition for Salpeter wave function obtained in Ref. [1] (see relation (3.14)) can be written in the form
The analogous condition can be derived for wave function satisfying Gross equation (1, 2) if we use equation for full Green operator corresponding to the equation (1)
Assuming that the operatorG −1 exists (being natural at any rate in the bound states, we need) from eq.(26) after some transformations can be obtained the following relatioñ
Noting that Π GR Π GR = Π GR from (27) we havẽ
Now using the spectral representation of Green operatorG
from (28) can be obtained the relation
It means that the normalization condition analogous to (25)
holds only in corresponding subspace of the Gilbert space. Note that the condition (31) can be obtained from the formula (3.28) of ref. [1] , which was not derived, but supposed with an analogy to (3.14). Now, noting that the two-body Dirac equations (11) for the SAL and GR versions of the 3D-relativistic equation (1) 
As to normalization conditions for wave functions satisfying the two-body Dirac equation (11) , corresponding to the CJ and MNK versions, they can not be derived analogously because the corresponding projection operators Π 0 (10)does not satisfy the conditions Π 0 Π 0 = Π 0 or Π 0 Π 0 = 1. But bellow we assume (suppose) that the condition analogous to (33) can be written in common form
where operator Π 0 is given by the formulae (6, 7, 9, 10) for all versions. As a result with an account of the formulae (12, 15, 16 ) the normalization condition for the components of the wave functions χ
takes the form
from which follows
Now we use the partial-wave expansion for the function χ
LSJ (p) are corresponding radial wave functions. And the potential functions
jL(x) being the spherical Bessel function. Then from the system of equations (17), the effective potentials of which is defined by the formulae (18-23) we obtain the following system of equations for the radial functions R
GR version
MW, CJ and MNK versions
It is interesting to compare the system of equations (41-46) with the system of equations obtained from (1) without the approximation (4, 8) (see eqs. (4.16, 17) in [1] , neglecting the terms corresponding to t'Hooft interaction )
Note that the last expression in (50) is obtained from (3.62) in [1] after some transformation. Main difference between the system of equations (41-46) and (48, 49)with the expression (50) is following: 1) In the wave functions R LSJ respectively (about this fact was mentioned above), whereas in the corresponding system of equations (41) 
Procedure for solving the obtained equations
For solving bound-state equations (41-46) or (48,49), we need to specify the interquark interaction potentials V OG and V C (14). Below for V C (r) we use the following form [1] , [11] 
where Q 2 is the momentum transferred and the 4 3 comes from the color-dependent part of theinteraction, n f is the number of flavors (n f = 3 for u, d, s quarks; n f = 4 for u, d, s, c; n f = 5 for u, d, s, c, b). ω 0 , A 0 , V 0 and Λ are considered to be the free parameters of the model. The potential given by expression (51) effectively reduces to the harmonic oscillator potential for the light quarks u, d, s and to the linear potential to the heavy c, b quarks if the dimensionless parameter A 0 is chosen small enough. Moreover, asymptotically, for a large r it is linear and almost flavor-independent. The one-gluon exchange potential is given by standard expression [1] , [11] V OG (r) = − 4 3
Now we have to specify the numerical procedure for solution of the systems of radial equations (41-45),(48),(49). A possible algorithm looks as follows: we choose the known basis functions denoted by R nL (p). The unknown radial wave functions are expanded in the linear combination of the basis functions
nLSJ are the coefficients of the expansion. The integral equation for the radial wave functions is then transformed into the system of linear equations for these coefficients. If the transaction is carried out the finite system of equations is obtained that can be solved by using conventional numerical methods. The convergence of the whole procedure, with more terms taken into account in the expansion (54) depend on the successful choice of the basis. In case of the confining potential of form (51) it is natural to take as a basis the functions corresponding to oscillator potential, which is obtained from (51) at A 0 = 0, in non-relativistic limit of the system of equations obtained from from (41-46),(48),(49). The radial wave functions in this case have the form [1] (the formula (4.52)).
where 1 F 1 denotes the confluent hypergeometric function. Now, satisfying the expression (54) into the system of equations (41-46),(48),(49), the following algebraic equations for the coefficients C (α 1 α 2 ) nLSJ can be obtained
It is necessary to note that the matrix H αβ (M) depends on meson mass M only for MW, CJ and MNK versions as it can be seen from equations (56) for M is not linear one and therefore should be solved, e.g. by iteration. As to the system of Dirac equations (41-46) such a problem does not exist.
The numerical results and discussions
The main problem we have investigated at first stage is dependence of the existence of stable solutions of the eq. (56) Note, that in [11] only the SAL version of 3D-reduction of Bethe-Salpeter equation was considered as to MW, CJ and MNK without additional approximation (4) with oscillator like potential (A 0 = 0 in (51)) were considered in Refs. [7] , [12] .
The results of the calculations are given for states 2S+1 L J (note, that for cases 3 S 1 , 3 P 2 , 3 P 1 are neglected additional corresponding terms 3 D 1 , 3 F 2 , 1 P 1 , because they give small contribution in the calculated mass).
The additional conclusions to pure theoretical results formulated at the end of section 2, which follow from the tables, are the following:
• The area of dependence on parameter x existence of stable solutions of corresponding equations is a little extended for corresponding Dirac equation.
• The results for CJ and MNK versions for the corresponding Dirac equations are almost the same which can be seen from formulae (10) . Further, it can be shown exactly, that Dirac equations in the CJ and MNK versions are equivalent for the states 1 S 0 and 3 S 1 when mixture of states 3 S 1 and 3 D 1 is neglected.
• For uc and sc bound systems Gross version works better what is related to the large difference of constituent masses.
• The area of the existence of the stable solutions is enlarged with increasing of the constituent masses which is theoretically understandable.
• Masses of the boundsystems obtained from solutions of Dirac equations are bigger then masses corresponding to 3D-equations obtained from BS equation for all versions except GR version case.
Note, that for x = 0.5 the stable solutions always exist.
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